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Cell fusion induced by infection with mouse hepatitis virus strain A59 (MHV-A59) varied markedly in extent
and time course in four different murine cell lines. When inoculated at a multiplicity of 3 to 5 PFU per cell, the
Sac-, L2, and DBT cell lines began to fuse by 7 h, were fused into confluent syncytia by 9 to 12 h, and peeled
from the substrate by 10 to 14 h. These virulent virus-cell interactions were in striking contrast to the moderate
interaction of MHV-A59 with the 17 Cl 1 cell line, in which only small syncytia were observed 18 h
postinoculation, and >50% of the cells remained unfused by 24 h. The yield of infectious virus produced by 17
Cl 1 cells was 10-fold higher than the yields from the other three cell lines. The processing of the nucleocapsid
protein, the membrane glycoprotein El, and the peplomeric glycoprotein E2 were found to differ significantly
in the four cell lines. Since the E2 glycoprotein is responsible for virus-induced cell fusion, we attempted to
correlate differences in cellular processing of E2 with differences in fusion of infected cells. The predominant
intracellular form of E2 in all cell lines was the 180K species. Pulse-chase experiments showed that a small
portion of the 17 Cl 1 cell-associated 180K E2 was cleaved by 1 h after synthesis to yield 90K E2, shown in the
preceding paper to consist of two different glycoproteins called 90A and 90B (L. S. Sturman, C. S. Ricard, and
K. V. Holmes, J. Virol. 56:904-911, 1985). This cleavage occurred shortly before the release of virions from
cells, as shown by pulse-chase experiments. After budding at intracellular membranes, virions released into the
medium by the four cell lines contained different ratios of 180K to 90K E2. Virions from Sac- cells, which
contained 100% 90K E2, fused L2 cells rapidly without requiring virus replication, whereas virions from 17 Cl
1 cells, which had 50% 90K E2, required trypsin activation to induce rapid fusion (Sturman et al., J. Virol.
56:904-911, 1985). The addition of protease inhibitors to the medium markedly delayed L2 cell fusion induced
by MHV infection. The extent of coronavirus-induced cell fusion does not depend solely upon the percent
cleavage of the E2 glycoprotein by cellular proteases, since extensive fusion was induced by infection of L2 and
DBT cells but not 17 Cl 1 cells, although all three cell lines cleaved E2 to the same extent. Differences observed
between the molecular weights of the E2 cleavage products in several cell lines could result from host
cell-dependent differences in glycosylation or cleavage of E2. Such changes in E2 processing could affect the
cell-fusing activity of the glycoprotein. Cell lines also differ in susceptibility to the immediate cell-fusing effects
of concentrated MHV (Sturman et al., J. Virol. 56:904-911, 1985). Thus, host-dependent differences in the
precise location of the cleavage site of E2, the rate of transport of cleaved E2 to the cell membrane, or the
response of the cell membranes to the fusing effects of cleaved E2 may also determine the extent of
MHV-induced fusion of various cell types.

Coronaviruses exhibit a high degree of host dependence in
replication, cytopathology, tissue tropism, and virulence
(26, 44, 52). Genetic differences in host susceptibility to
mouse hepatitis virus (MHV) strain 2 were demonstrated by
Bang and his colleagues more than 20 years ago (4) .but are
not yet understood at the molecular level. It is unclear why
some coronaviruses show stringent requirements for differ-
entiated cells during virus isolation. For example, some
human respiratory coronaviruses can only be isolated by
growth in primary human fetal tracheal organ cultures (27,
51). Many strains ofMHV differ in virulence, tissue tropism,
and ability to grow in various murine cell lines (5, 8, 10, 14).
The A59 strain of MHV (MHV-A59), which can be propa-
gated readily in vitro, has been used extensively for bio-
chemical studies (44). In the course of these studies, it has
become apparent that there are important host-dependent
determinants of the growth and cytopathogenic effects of
MHV-A59. For example, MHV-A59 grows to high titer in
transformned murine cell lines but not in related,
nontransformed cell lines (48). Differences in plating effi-
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ciency, yield, and cytopathic effects of MHV-A59 have been
noted even among different sublines of murine L929 cells
(20, 28, 33).
The accompanying paper showed that proteolytic cleav-

age of the E2 glycoprotein of MHV-A59 was required for
virus-induced cell fusion (47). In this paper, we have ex-
plored the role of the host cell in the cleavage of E2 and
analyzed the correlation of E2 cleavage with virus yield and
cytopathology. We observed differences in virus yield and
cytopathic effects in four permissive cell lines, 17 Cl 1, Sac-
DBT, and L2 cells. Intracellular processing of the nucleo-
capsid protein, N, and the envelope glycoproteins, El and
E2, differed in these cell lines. Detailed analysis of the host
dependence of E2 synthesis, proteolytic cleavage, and as-
sembly in these four cell lines showed that the ratio of 180K
to 90K E2 on virions depended upon the host cell in which
the virus was grown. In addition, there were host-dependent
differences in the molecular weights of the E2 cleavage
products. Such host-dependent differences in the processing
of E2 glycoprotein may be of critical importance in the
cytopathic effects, virulence, and tissue tropism of
coronaviruses.
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(This work was presented in part at the June 1982 EMBO
Workshop on Molecular Biology and Pathogenesis of
Coronaviruses, Zeist, The Netherlands.)

MATERIALS AND METHODS

Cell cultures. The sources of the 17 Cl 1 and L2 lines of
murine fibroblasts were previously described (48). The DBT
cell line, derived from a Schmidt-Ruppin Rous sarcoma
virus-induced mouse tumor (15), was obtained from Steven
Stohlman of the University of Southern California, Los
Angeles, and the Sac- line of Moloney sarcoma virus-
transformed murine fibroblasts (39) was obtained from Ben
van der Zeijst, University of Utrecht, The Netherlands. All
of the cell lines were propagated in monolayer cultures by
passage twice weekly in Dulbecco modified Eagle minimal
essential medium with high glucose (DMEM; GIBCO
Laboratories, Grand Island, N.Y.), 10% fetal calf serum
(FCS), and 1% antibiotic-antimycotic mixture (GIBCO
Laboratories, Grand Island, N.Y.).

Virus inoculation and propagation. MHV-A59 was propa-
gated in 17 Cl 1 cells, and released virions were purified by
sucrose density gradient ultracentrifugation as previously
described (46). Plaque assays were performed in L2 cells
(48). Virus inoculation of monolayer cultures was done at
multiplicities of 3 to 10 PFU per cell, with an adsorption
period of 1 h at 37°C. Control cultures were sham inoculated
with an equal volume ofDMEM with 10% FCS. The inocula
were removed, and the cultures were incubated at 37°C in
DMEM with 10% FCS. Cytopathic effects were observed
with a Leitz inverted phase-contrast photomicroscope. At 13
h after inoculation, released virus was harvested and puri-
fied, and cytoplasmic extracts were prepared for analysis of
viral proteins. For analysis of the capacity of concentrated
virions to induce immediate cell fusion, gradient-purified
virions released from Sac- cells were adsorbed to L2 cell
monolayers at a multiplicity of >100 PFU per cell at 4°C for
45 min. The inoculum was removed, and the cells were
incubated with DMEM-10% FCS at 37°C. Cell fusion was
monitored by phase-contrast microscopy.

Analysis of viral proteins. Sucrose density gradient-
purified virions were pelleted by ultracentrifugation and
suspended in sample treatment mixture consisting of 2%
sodium dodecyl sulfate (SDS), 5% mercaptoethanol, and 3 M
urea in 62.5 mM Tris (pH 6.5)-bromphenol blue, boiled for 3
min, and analyzed by SDS-polyacrylamide gel electrophore-
sis (SDS-PAGE) on 5 to 15% gradient slab gels (21). Cyto-
plasmic extracts were prepared by washing infected or
control monolayers in 60-mm petri dishes once with phos-
phate-buffered saline at 4°C and lysing cells with RIPA buffer
(10 mM Tris (pH 7.4), 1% deoxycholate, 1% Nonidet P-40,
0.1% SDS, 0.15 M NaCl, 1% aprotinin, 0.1% phenylmethyl-
sulfonyl fluoride) on ice for 10 min. The lysates were
transferred to centrifuge tubes, and nuclei and debris were
removed by centrifugation at 2,000 rpm. The supernatants
were quick-frozen and stored at -70°C. For analysis by
SDS-PAGE, equal volumes of cytoplasmic extract and sam-
ple treatment mixture were mixed and incubated at 37°C for
30 min. For some experiments, viral proteins in cell extracts
were immunoprecipitated with rabbit antibody to gradient-
purified, Nonidet P-40-disrupted MHV virions (anti-MHV)
as previously described (46). Control immunoprecipitates
utilized normal rabbit serum. Unlabeled viral proteins on
SDS-PAGE were detected by immunoblotting with anti-
MHV, prepared from a modification of the procedure of
Towbin et al. (50), and a Bio-Rad electroblotting apparatus

and by detecting the bound rabbit serum with radioiodinated
staphylococcal protein A by autoradiography with Kodak
X-ray film.

Pulse-labeling experiments. At 2 or 4 h after virus inocula-
tion, MHV-infected and sham-inoculated control cell
monolayers were treated with actinomycin D (5 ,ig/ml) in
leucine- or methionine-deficient Eagle MEM with 5% dia-
lyzed FCS for 4 h and then labeled for 15 min with
[3H]leucine or [35S]methionine (20 ,uCi/ml) at 37°C. The cells
were washed once, medium was replaced with DMEM-10%
FCS, and the cultures were incubated at 37°C. At intervals
after pulse-labeling, cytoplasmic extracts were prepared for
radioimmunoprecipitation of viral proteins, and virions re-
leased into the medium over the cultures were pelleted
through a 20% sucrose cushion in Tris-maleate saline buffer
(pH 6.0) and analyzed by SDS-PAGE in 12-cm cylindrical
gels. The gels were fractionated with an ISCO gel fractiona-
tor, and the radioactive label in each fraction was deter-
mined by counting in a Beckman scintillation counter.

RESULTS
Growth and cytopathic effects of MHV in various cell lines.

Early studies on coronaviruses were hampered by difficulty
in virus isolation and purification and low virus yields. For
several coronaviruses, these problems have been overcome,
and permissive cell types have been identified which provide
high virus yields (38). For studies of the molecular biology of
MHV, the following four cell lines have been used: 17 Cl 1
and L2 (42, 43, 46, 48), DBT (15, 36), and Sac- (39). The
cytopathic effects of MHV-A59 in these four cell lines are
compared in Fig. 1, and the yields of infectious virus are
shown in Fig. 2. Infection of Sac-, L2, and DBT cells caused
rapid and extensive cell fusion. Syncytia were observed first
at 6 to 7 h postinoculation (p.i.), and cell fusion progressed
rapidly until by 9 to 12 h p.i. >90% of the cells in the
monolayers were fused into confluent syncytia. These de-
tached from the substrate and died within 10 to 14 h. Thus,
MHV-A59 caused a rapid, virulent cytocidal infection of
these three cell lines. In contrast, infection of confluent
monolayers of 17 Cl 1 cells with MHV-A59 under the same
conditions resulted in much slower formation of syncytia.
Little or no fusion was observed 9 h p.i. (Fig. 1). Small
syncytia were seen by 18 to 20 h p.i., and by 24 h p.i. as
many as 50% of the cells remained unfused. Thus, MHV-
A59 infection of 17 Cl 1 cells was more moderate than
infection of the other three cell lines.

Analysis of the growth curves of MHV-A59 in these four
cell lines showed that the virulent infections in Sac-, DBT,
and L2 cells yielded less virus than did the more moderate
infection of 17 Cl 1 cells (Fig. 2). The latent period was 5 to
7 h in all four cell lines. The release of virus from Sac- and
DBT cells was slower than that from L2 and 17 Cl 1 cells.
Virus release from Sac-, L2, and DBT cells ceased by 12 h
p.i. when extensive cell fusion and death had occurred, but
17 Cl 1 cells continued to produce virus for up to 24 h p.i.
Consequently, the maximal yield of virus from 17 Cl 1 cells
was 10- to 100-fold higher than that of the three other cell
lines.

Intracellular synthesis of viral structural proteins. The
synthesis and processing of viral structural proteins were
compared in the four cell lines. At intervals after virus
inoculation, cytoplasmic extracts were prepared, and the
intracellular virus-specific proteins were analyzed by SDS-
PAGE and immunoblotting (Fig. 3). Processing of the 50K
nucleocapsid protein N, the 20K to 30K membrane glyco-
protein El, and the 180K spike glycoprotein E2 differed in
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FIG. 1. Cytopathic effects of MHV-A59 in four murine cell lines. Nine hours after inoculation with MHV-A59 at a multiplicity of infection
of 5 PFU per cell, the extent of cell fusion varied markedly in 17 Cl 1 (A), DBT (B), Sac- (C), and L2 (D) cells.

the four cell lines. Intracellular N in 17 Cl 1, DBT, and Sac-
cells was predominantly a 50K protein, whereas in L2 cells,
the majority of N protein was found in two faster migrating
species which we call N' and N". At 18 to 24 h p.i., some N'
and N" were detected in infected 17 Cl 1 cell extracts.
Pulse-chase experiments in 17 Cl 1 cells showed that N' and
N"' were derived from N (data not shown). Immunoblotting
and radioimmunoprecipitation with monospecific anti-N an-
tibody confirmed that N' and N" are antigenically related to
N (data not shown). In infected cell lines, the ratio of N' and
N" to N increases with time after infection and depends
upon the host cell line. N' and N" are not incorporated into
virions, however. The ratio of glycosylated (23K) El to
nonglycosylated (20K) El (31) was significantly higher in
DBT and L2 cells than in 17 Cl 1 and Sac- cells, suggesting
faster transport of El to the Golgi apparatus where 0-linked
glycosylation occurs (31), more active 0-glycosylation of
El, or slower release of glycosylated El into virions by DBT
and L2 cells. The biological significance of these host-
dependent differences in processing of N and El is un-
known.

In virions from 17 Cl 1 cells, we previously showed that
the E2 glycoprotein is found in equal amounts in 180K and
90K forms and that the 90K form could be generated from
the 180K form by trypsin treatment of virions (43). In all four
cell lines, we found that the majority of the intracellular E2

glycoprotein was in the 180K form (Fig. 3). We therefore
examined the processing of 180K E2 in infected cells by
using pulse-chase experiments. To determine the time
course of processing of viral structural proteins, MHV-
infected 17 Cl 1 cells were pulse-labeled for 15 min with
[3H]leucine at 6 h p.i., and cytoplasmic extracts were
immunoprecipitated with antibody directed against viral
structural proteins. At the end of the 15-min labeling period
(Fig. 4, lane A) and a 30-min chase period (data not shown),
no 90K E2 was detected. E2 was found only in the 180K
form and in a slower migrating band which we believe is a
dimer of E2 (Fig. 4, lane A). After a 45-minute chase period
with excess unlabeled leucine, both the predominant 180K
form and a small amount of 90K E2 were detected (Fig. 4,
lane B). Similar results were obtained by pulse-labeling at 8
h p.i. (data not shown). Previous studies showed that all of
the labeled E2 is chased out of 17 Cl 1 cells within 2 h after
the pulse-labeling period (17). Efforts to determine the ratio
of 180K to 90K E2 on the plasma membrane by surface
labeling and radioimmunoprecipitation were unsuccessful
because of coprecipitation of E2 from the numerous virions
bound to the plasma membrane of the MHV-infected cells.
Figure 4 also shows quantitative conversion of the mem-
brane glycoprotein El from the 20K to the 23K form during
the 45-min chase period, due to 0-linked glycosylation in the
Golgi apparatus (31).

J. VIROL.
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FIG. 3. Intracellular virus-specific proteins in four murine cell

lines. Thirteen hours after inoculation with MHV-A59 at a multi-
plicity of infection of 5 PFU per cell, cytoplasmic extracts were
prepared and analyzed by SDS-PAGE and immunoblotting with
antibody directed against virion structural proteins, which are
shown at right. Lanes 1, 3, 5, and 7, MHV-infected 17 Cl 1, Sac-,
DBT, and L2 cells, respectively; lanes 2, 4, 6, and 8, corresponding
sham-inoculated control cell lines.

hrs. Pi
FIG. 2. Release of infectious MHV-A59 virions from four murine

cell lines. The yield and rate of release of infectious virus were
determined for 17 Cl 1 (l), Sac- (A), DBT (0), and L2 cells (0).

Host-dependent differences in cleavage of virion-associated
E2. To study when cleavage of E2 occurs relative to virus
maturation and release, MHV-infected 17 Cll and Sac- cells
were pulse-labeled with [35S]methionine for 15 min at 8 h
p.i., the label was removed, and medium containing unla-
beled methionine was added. At intervals after the pulse,
virions released into the supernatant medium were purified
by ultracentrifugation and analyzed by SDS-PAGE. Labeled
virus was first detectable in the supernatant fluids 30 min
after the pulse, and release of radiolabeled virus increased
up to 2.5 h, after which no additional labeled virus was
released. Analysis of the virion-associated proteins by SDS-
PAGE is shown in Fig. 5. Label released from 17 Cl 1 or
Sac- cells in extracellular virus was first detectable in the
membrane glycoprotein El (seen here as the 23K monomer
and a 38K dimer [43]), next in the nucleocapsid protein N,
and last in the spike glycoprotein E2. From these data, it is
not possible to determine the order in which proteins were
incorporated into virions, since the order of appearance of
label in virion proteins closely resembles the relative
amounts of methionine incorporated into the viral proteins in
an overnight labeling period (42). This experiment indicates
that the incorporation of label into viral structural proteins

and the assembly and release of virions follow similar
kinetics in 17 Cl 1 cells and Sac- cells. However, the E2 in
virions released from Sac- cells was nearly all in the 90K
forms, whereas in virions from 17 Cl 1 cells about 50% of the
E2 was in the 180K form (Fig. 5). Thus, the extent of
cleavage of E2 on virions is host cell dependent.

This observation suggested that cleavage of E2 by host
cell enzymes might determine the extent of MHV-induced
fusion of various cell lines. The accompanying paper shows
that complete cleavage of 180K E2 to 90K species by trypsin
was required to activate the cell-fusing capacity of purified,
concentrated MHV-A59 virions from 17 Cl 1 cells (47). To
determine whether virions from Sac- cells which contained
only 90K E2 could fuse cells directly without protease

A B C D

_p -E2(180)
-E2(90)

t---N

--El

FIG. 4. Pulse-labeling of intracellular virus-specific proteins.
MHV-specificproteins in cytoplasmic extracts of [3H]leucine-
labeled 17 Cl 1 cells were immunoprecipitated with rabbit antibody
directed against the structural proteins El, E2 and N. Lanes A and
C, MHV-infected and control cells, respectively, at the end of a
15-min pulse-label 6 h p.i.; lanes B and D, MHV-infected and
control cells, respectively, 45 min after this pulse-labeling period.
Viral proteins are labeled on the right.
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FIG. 5. Pulse-labeled proteins in virions released from two murine cell lines. The viral proteins in 17 Cl 1 cells were pulse-labeled with
[35S]methionine for 15 min 8 h after inoculation with MHV-A59, and virions released from the cells were purified by pelleting through a 20%
sucrose cushion in Tris-maleate saline buffer (pH 6.0). Viral proteins were analyzed by SDS-PAGE in cylindrical gels. (A) Proteins of virions
released from 17 Cl 1 cells; (B) proteins of virions released from Sac- cells. Times of harvest are indicated at the left, and the migration of
marker viral proteins is indicated across the top.

activation, we adsorbed concentrated virions purified from
Sac- cells to L2 cell monolayers at 4°C for 45 min and then
rapidly warmed the cultures to 37°C. Within 1 h and 45 min
at 37°C, cell fusion was readily detected (Fig. 6a and b).
Thus, protease treatment was not required to activate the
cell-fusing capacity of E2 on the envelope of virions from
Sac- cells.

If cleavage of E2 is required for cell fusion to occur during
MHV infection, then inhibition of cellular protease activity
might be expected to inhibit coronavirus-induced cell fusion.
When leupeptin, a potent inhibitor of serine and thiol
proteases (1), was added to the growth medium of L2 cells 2
h after virus inoculation, the onset of cell fusion was delayed
by 4 to 6 h (Fig. 6c and d), and the size of giant cells was
markedly reduced. Similar delays in fusion of MHV-infected
L2 cells resulted from the addition of 10- to 100-,ug/ml
concentrations of tolylsulfonyl phenylalanyl chloromethyl
ketone to the medium 4 to 5 h p.i. It is not known whether

these protease inhibitors act only at the plasma membrane or
also within the cells under these conditions.
The marked difference between the percentage of E2

cleaved in virions from Sac- cells and 17 Cl 1 cells was
confirmed by immunoblot analysis (Fig. 7). Virions released
from DBT and L2 cells resembled those from 17 Cl 1 cells in
that 50% of the E2 was cleaved. Since DBT and L2 cells,
unlike 17 Cl 1 cells, are rapidly fused during infection with
MHV-A59, it is clear that the extent of cell fusion resulting
from virus infection does not correlate with the extent to
which a particular cell line cleaves the E2 glycoprotein.
The cleavage products of E2 on virions from various cell

lines showed slight but significant differences in electropho-
retic mobility (Fig. 7). Cleavage of E2 in Sac- cells (Fig. 7,
lane 2) yielded two species with very similar mobilities
which migrated more slowly than did the E2 cleavage
products from other cell lines. Faster migrating species of
cleaved E2 were detected in virions from 17 Cl 1 and DBT

J. VIROL.
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FIG. 6. Direct fusion of cells by concentrated virions from Sac- cells and effect of the protease inhibitor leupeptin on fusion of infected
cells. Concentrated, gradient-purified virions released from Sac- cells fused monolayers of L2 cells after 1 h 45 min at 37°C (b). Control
sham-inoculated cells are unfused (a). L2 cells 6 h after inoculation with 3 PFU per cell show the formation of small multinucleate syncytia
(c), but this fusion is inhibited by the addition to the medium of leupeptin, an inhibitor of serine and thiol proteases (d).

cells (Fig. 7, lanes 1 and 3). These host-dependent differ-
ences in the electrophoretic mobilities of the E2 cleavage
products could be due to differences in glycosylation of E2
or, alternatively, to differences in the site of proteolytic
cleavage of E2 in the four cell lines. We have found that
treatment of purified virions from 17 Cl 1 cells with

l 2 3 4

(180)E20 -

(90)E2U wU

E1t
FIG. 7. Proteins in virions released from four murine cell lines.

Virions released from cells 13 h after inoculation were purified by
sucrose density gradient ultracentrifugation and analyzed by SDS-
PAGE and immunoblotting with antibody to the structural proteins.
Virions were released from 17 Cl 1 (lane 1), Sac- (lane 2), DBT (lane
3), and L2 (lane 4) cells.

thermolysin also yields 90K cleavage products (data not
shown), indicating that there is a thermolysin cleavage site
near the trypsin cleavage site of the E2 molecule. It will be
of considerable interest to determine the effects of various
proteases on the activation of MHV infectivity and cell-
fusing capacity.

DISCUSSION
The outcome of MHV infection of cultured cells is strik-

ingly dependent upon the host cell (10, 20, 24, 28, 33, 48).
The genetic susceptibility to MHV of the mouse from which
cells are derived can determine whether infection is produc-
tive or abortive (3). MHV-A59 grows to high titer in trans-
formed murine cell lines but not in related, nontransformed
cell lines (48). Differences in plaquing efficiency, yield, and
cytopathic effects of MHV-A59 have been noted even among
various sublines of permissive 17 Cl 1 and L929 cells (20, 28).
Studies on the molecular biology of MHV are needed to
identify host-dependent differences in virus-cell interactions
which lead to productive, abortive, or persistent infection.
We have studied productive infection of MHV-A59 in four

permissive murine cell lines to identify host-dependent de-
terminants of coronavirus-induced cell fusion, which is
mediated by the viral spike glycoprotein E2 (9, 17, 18).
Analysis of the synthesis, proteolytic cleavage, and assem-
bly of the E2 glycoprotein of MHV-A59 in 17 Cl 1, Sac-,
DBT, and L2 cells revealed the following: cleavage of E2
was host dependent; the ratio of uncleaved (180K) to cleaved

VOL. 56, 1985 917
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(90K) E2 on virions depended on the host cell; and there
were host-dependent differences in the molecular weights
ofthe E2 cleavage products. The susceptibility of a cell to
MHV-induced fusion is not solely determined by the ability
of the cell to cleave the E2 glycoprotein, however. Some
cells are more susceptible to immediate fusion by concen-
trated, trypsin-activated MHV than others (47), a result
which is apparently due to differences in the response of the
membrane to the fusion determinant on the virus envelope.
The major features of the synthesis, transport, processing,

and assembly of the E2 glycoprotein of MHV are becoming
clear (31, 32, 45). Translation of mRNA 3 on membrane-
bound ribosomes results in cotranslational insertion of E2
jnto the RER membrane (34, 37) and cotranslational
glycosylation in the RER. In the presence of tunicamycin,
glycosylation is inhibited. Little E2 can be detected in
infected cells, and E2 is not incorporated into the virions
released from the cell (17, 18, 32). The nonglycosylated E2
may be degraded in an accelerated manner, or translation of
E2 may be arrested by abnormal processing of the glycopro-
tein. E2 is transported to the Golgi apparatus where the
oligosaccharides are trimmed, additional terminal sugars are
added (32), and the 90A domain of E2 is acylated (11, 45).
Assembly of E2 into the envelopes of budding viruses occurs
at Golgi-associated and RER membranes. Pulse-labeling
studies showed that during exponenti4l release. of virions
from 17 Cl 1 cells, all of the newly synthesized E2 is
incorporated into virions and released from cells within 2 h
(17). Thus, unlike paramyxo- and orthomyxoviruses, MHV
in 17 Cl 1 cells synthesizes little excess spike glycoprotein.
In contrast, in Sac- cells, E2 is not quantitatively released
from the cells, and most of it remains cell associated (37).
This host-dependent difference in the release of E2 could be
due to altered intracellular transport of E2, inefficient virus
assembly, or slower secretion of virions in Sac- cells than in
17 Cl I cells. In the four cell lines which we studied, the bulk
of E2 in cytoplasmic extracts is in the uncleaved 180K form,
although E2 in released virions is 50 to 100% cleaved. These
observations suggest that cleavage occurs at or shortly
before the time of virus release from the infected cells.
Further support for the idea that E2 cleavage is a late step in
the transit of E2 through the cell comes from the observation
that monensin, which arrests intracellular transport of pro-
teins at the level of the Golgi apparatus, prevents the
cleavage of E2 (31). Excess E2 not incorporated into virions
is transported to the plasma membrane (17), where it could
render the cell susceptible to immunological attack or par-
ticipate in cell fusion or lysis. Thus, in Sac- cells which fuse
tapidly upon MHV infection, there is more E2 on the plasma
membrane, and the E2 is more likely to be cleaved than in 17
Ci 1 cells in which less fusion is observed.
The demonstration that cleavage of the fusion glycopro-

tein of a coronavirus is host cell dependent and required for
the activation of cell fusion bears a striking similarity to the
characteristics of fusion glycoproteins of orthomyxo- and
paramyxoviruses. These negative-strand RNA viruses have
fusion glycoproteins in the viral envelope which must be
cleaved by proteolytic enzymes of the host cell to activate
both viral infectivity (19, 22, 23, 29, 30) and cell-fusing
activity (22, 25, 53). Host cell proteolytic cleavage of fusion
glycoproteins can determine the tissue tropism, pathogene-
sis, and virulence of these viruses (6, 12, 30, 35). The
functional similarity and requirement for proteolytic activa-
tion bf the glycoproteins from positive-strand coronaviruses
and negative-strand orthomyxo- and paramyxoviruses sug-
gests a possible evolutionary relationship between these

structurally similar virus groups, although their replication
strategies differ significantly. In addition, important cellular
constraints on glycoprotein processing may be imposed
upon all of these virus groups (13).

Cleavage of the E2 glycoprotein of coronaviruses is not
limited to MHV-A59. In avian infectious bronchitis virions
released from primary chicken embryo cells, the're are two
E2 glycoproteins, namely, the 84K and 90K glycoproteins
(7). These are probably cleavage products of the large 155K
glycoprotein precursor found in infected cells (40).
The addition of exogenous protease to the growth medium

can enhance cell fusion'by other coronaviruses. The bovine
enteric coronavirus did not produce plaques in bovine brain
or thyroid cells unless trypsin was added to the medium (41).
Similarly, a cold-sensitive variant of MHV strain S required
trypsin for the activation of cell fusion (54). The addition of
the protease inhibitor leupeptin reduced the yield of infec-
tious HCV strain 229E virus (2).

In the paramyxo- and orthomyxovirus systems, proteolyt-
ic cleavage of the viral glycoprotein is required for cell fusion
but is not a sufficient condition to guarantee fusion. One
factor which affects fusion is the susceptibility of the plasma
membrane to the direct fusing effects of the cleaved fusion
glycoprotein. The paramyxovirus SV5 causes rapid fusion
and death of BHK-21-F cells but induces persistent, produc-
tive, noncytocidal infection of primary monkey cells due to
differences in the response of the cell membranes to the viral
fusion glycoprotein (16). The difference in susceptibility of
L2 and 17 Cl 1 cells to direct fusion by trypsin-activated 17
Cl 1 virus is similar (47). Thus, whether a virus causes
moderate or cytocidal infection drpends upon intrinsic char-
acteristics of the plasma membrane. The nature of these
membrane differences has not yet been determined.

Different susceptibilities of cell lines to virus-induced
fusion may also be related to the site of cleavage on the
fusion glycoprotein. In influenza, several different proteases
can cleave the hemagglutinin glycoprotein generating similar
sized glycopeptides, but cleavage at only one specific site
activates infectivity (13, 22). The observation reported here
that the cleavage products of MHV E2 generated in different
cell lines differ in electrophoretic mobility raises the possi-
bility that different sites on E2 may be cleaved by these cells,
resulting in different levels of activation of cell fusion.
An understanding of host-dependent differences in E2

maturation and processing provides new perspective on
several perplexing problems of coronavirus cultivation, cell
tropism, and pathogenesis. It is now clear that for some
virus-host cell combinations, the outcome of coronavirus
infection is determined by the ability of the host cell to
activate the viral fusion factor by proteolytic cleavage of E2.
However, other factors also 'affect the outcome of
coronavirus infection. These include differences in intracel-
lular transport of E2, the degree of cell membrane suscepti-
bility to the fusing effects of E2, the extent of cleavage of E2,
and possibly the site of cleavage on the E2 molecule. These
studies have focused upon the role of the E2 glycoprotein in
cellular permissivity for coronavirus replication. To fully
understand the host cell restrictions on coronavirus replica-
tion which are affected by the age and strain of the murine
host, the virus strain, and the cell type (4, 5, 49), it will also
be necessary to analyze host cell factors which may affect
coronavirus transcription and replication.
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